investigate mutants dysfunctional in chromatin assembly factor-1 (CAF-1) (fas1 and fas2 mutants), which are known to have a reduced number of rDNA copies, and plant lines with restored CAF-1 function (segregated from a fas1xfas2 genetic background) showing major rDNA rearrangements. The systematic rDNA loss in CAF-1 mutants leads to the decreased variability of the IGS and to the occurrence of distinct IGS variants. We present for the first time a comprehensive and representative set of complete IGS sequences, obtained by conventional cloning and by Pacific Biosciences sequencing. Our data expands the knowledge of the A. thal iana IGS sequence arrangement and variability, which has not been available in full and in detail until now. This is also the first study combining IGS sequencing data with RFLP analysis of genomic DNA.
Introduction
Genome rearrangements play a key role in evolution of species leading to biodiversity, adaptation to particular environmental changes, or tolerance to abiotic and natural stresses (e.g. Geiser et al. 2016; Kelly et al. 2015; Long et al. 2013; Mandakova and Lysak 2008) . It is interesting that genome reorganisation often involves 45S rRNA genes (rDNA) (Elliott et al. 2013; Garcia and Kovarik 2013; Long et al. 2013; Weider et al. 2005) . Ribosomal genes fall into the group of well-conserved housekeeping genes characterised by repetitiveness, high abundance, and the presence of two distinct fractions, an actively transcribed and an inactive fraction, condensed and often spatially separated from the Abstract Approximately seven hundred 45S rRNA genes (rDNA) in the Arabidopsis tha l iana genome are organised in two 4 Mbp-long arrays of tandem repeats arranged in head-to-tail fashion separated by an intergenic spacer (IGS). These arrays make up 5 % of the A. thaliana genome. IGS are rapidly evolving sequences and frequent rearrangements inside the rDNA loci have generated considerable interspecific and even intra-individual variability which allows to distinguish among otherwise highly conserved rRNA genes. The IGS has not been comprehensively described despite its potential importance in regulation of rDNA transcription and replication. Here we describe the detailed sequence variation in the complete IGS of A. thaliana WT plants and provide the reference/consensus IGS sequence, as well as genomic DNA analysis. We further
The A. thaliana IGS can be divided into three parts, the non-transcribed spacer (NTS) and two external transcribed spacers (3′ETS and 5′ETS) which are transcribed by polymerase I as a part of the nascent pre-rRNA. The sequence variability within the 3′ETS has been extensively studied (Abou-Ellail et al. 2011; Pontvianne et al. 2010) . Four 3′ETS variants were described from which we can distinguish four rRNA gene subtypes. Three of the variants, var1-3, are abundant, while var4 is relatively rare. rRNA gene subtypes differ in transcriptional activity according to the plant's developmental stage; var2, var3 and var4 are expressed in roots, flowers, leaves and seedlings while var1 is expressed only in 2-day-old seedlings. Recently, the chromosomal position of these variants has been determined (Chandrasekhara et al. 2016 ). Var1 and a subset of var3 map to NOR2 while var2, var4 and the majority of var3 map to NOR4. Since all the inactive rRNA gene subtypes map to the same rDNA locus, Chandrasekhara et al. suggest that the gene subtypes are selectively silenced based on their chromosomal position rather than in a sequence-dependent manner. Our latest studies further show that this distribution of active and inactive rDNA variants to chromosomes 4 and 2, respectively, can be altered when the ribosomal genes are eliminated and subsequently recovered, as observed in fasciata (fas1 or fas2) mutants and plant lines derived from a fas background with restored FAS function, respectively (Pavlištová et al. 2016) . FASCIATA 1 and 2 are two of the subunits of the highly conserved trimeric histone H3/H4 chaperone Chromatin Assembly Factor-1, CAF-1 (Smith and Stillman 1989) whose deficiency results in severe phenotypic defects including stem fasciation, abnormal leaf and flower morphology, and disorganization of the apical meristem (Kaya et al. 2001; Leyser and Furner 1992; Reinholz 1966) . The fas mutation leads to cell cycle-related defects such as increased homologous recombination (Endo et al. 2006; Kirik et al. 2006; Takeda et al. 2004) , slower progression of the S-phase, constitutive activation of the G2 checkpoint and triggering the endocycle Ramirez-Parra and Gutierrez 2007; Schonrock et al. 2006 ). In addition, fas mutants show progressive telomere shortening and loss of rDNA repeats while other repetitive genomic regions remain unaffected (Mozgova et al. 2010) . Our previous results show that both originally active and originally inactive rDNA variants are lost in fas mutants (Pontvianne et al. 2013) and that this loss is mitotic and connected with homology-dependent repair (Muchova et al. 2015) . In experiments leading to FAS gene reintroduction we observed that in contrast to WT plants both rDNA loci, two as well as four, can be activated (Pavlištová et al. 2016 ).
As we previously reviewed , rDNA represents a problematic template to replicate and a hot spot for recombination. The fas mutants, as well as plant active gene copies (Grummt and Pikaard 2003; Pontes et al. 2003; Pontvianne et al. 2013) . Examples of ribosomal locus reorganisation can be found in many different organisms. There are plant species containing 45S (or 35S) rDNA associated with 5S rDNA in a single operon, unlike the majority of plants including Arabidopsis thal iana where these two units are separated (Garcia and Kovarik 2013; Garcia et al. 2010) . Further, in A. thaliana from Nothern Sweden the amount of rDNA is highly variable, thus having significant impact on the total genome size (Long et al. 2013) . The ability of rDNA to expand or contract is well described in budding yeast (e.g. Kobayashi et al. 2004) . In marine bacteria, short insertions in 16S rDNA result in structural changes during the adaptation to a high pressure environment (Lauro et al. 2007) ; in fish, rapid speciation is associated with retrotransposon-driven amplification of rDNA (Symonova et al. 2013) ; and the phenomenon termed a "jumping" NOR, originally described by (Schubert and Wobus 1985) results in a variable number of rDNA loci in Allium. One could conclude that such changes are associated with high sequence variability inside the rDNA genes, but in fact the regions affected the most are the short internal spacers (internal transcribed spacers ITS1 and ITS2) and the spacer between individual gene clusters (intergenic spacer, IGS). The rDNA ITS have become widely used for species identification and even the highly variable IGS can be utilized to distinguish among closely related species in phylogenetic studies (e.g. Cavallero et al. 2015; Han et al. 2016; Konstantinova and Yli-Mattila 2004; Lin et al. 2014; Marcilla et al. 2001) .
We focus here on the IGS of rDNA in the plant A. thaliana. This model plant contains 570-750 copies of the rRNA gene organised at two chromosomal sites (Pruitt and Meyerowitz 1986 ) on chromosomes two and four (Copenhaver and Pikaard 1996a) . Transcriptionally active rDNA copies are known as Nucleolus Organizer Regions (NORs). Long rDNA arrays consist of ca. 10 kb-long repetitive units of which 5.7 kb represent the coding region (18S-5.8S-25S) separated by a ~4.5 kb long IGS. So far, the A. thaliana IGS has been described mainly leaving the intraspecies sequence variability aside (Gruendler et al. 1989) , with only fragments of IGS sequences available in public databases which allow to assemble only consensual IGS. The IGS typically contains tandem repetitions enriched with SalI restriction sites (SalI boxes), spacer and rDNA gene promoters, transcription terminators, and signals for prerRNA processing (Abou-Ellail et al. 2011; Gruendler et al. 1989) . SalI boxes, in particular, are often discussed in connection with regulation of rDNA transcription, which is independent of the well-described epigenetic regulation (Durut et al. 2014; Earley et al. 2010; Pontvianne et al. 2010) . SalI boxes function as enhancers or terminators of rDNA transcription in Xenopus or mammals (Grummt et al. 1986; Pikaard et al. 1990 ).
Cloning, plasmid DNA isolation and sequencing
We amplified the IGS using a pair of primers designed in a conserved region of the 25S and 18S rRNA genes (25SFw and 18SR or 25SFw_seq and 18SR_seq, online resource 1). The PCR contained 1.25 U of ExTaq polymerase (TaKaRa), 0.8 mmol l −1 of dNTP mix, 5 µl of 10 × ExTaq Buffer, 50 ng of genomic DNA, 0.6 µmol l −1 of primers and water up to 50 µl. The PCR conditions included incubation at 94 °C for 30 s, followed by 30 cycles of 98 °C for 10 s, 55 °C for 30 s, 72 °C for 4 min, with final incubation at 72 °C for 20 min.
The cloning reaction was prepared using 4 µl of fresh PCR product (approx. 100 ng), 1 µl of plasmid pCR ™ Invitrogen (10 ng µl ) and 1 μl of salt solution (from the TOPO ® TA Cloning ® Kit, Invitrogen). The reaction was incubated for 30 min at room temperature then mixed with 20 µl of electro-
In the case of electrocompetent cells, the salt in the cloning reaction was diluted 5×, the bacteria were transformed by electroporation at 2.5 kV, mixed with 1 ml of SOC medium, incubated at 30 °C, 200 rpm for 90 min, then spread on Petri dishes with LB medium and incubated at 30 °C for 16 h. In the case of chemocompetent cells, the bacteria were transformed by heatshock at 42 °C in a water bath for 45 s, mixed with 1 ml of SOC medium, incubated at 37 °C, 200 rpm for 90 min, then spread on Petri dishes with LB medium containing ampicillin (50 µg ml ) and X-gal (0.04 mg ml
−1
). Plates were incubated at 37 °C for 16 h. The blue-white test was used to select clones with a plasmid insertion and the length of the insertion was tested by PCR with M13F/M13R primers. The plasmid DNA was isolated using GenElute ™ HP Plasmid Miniprep Kits (Sigma Aldrich) or QIA ® Spin Miniprep Kits (Qiagen). Sequencing of the clones was performed by Macrogen (South Korea) using the Sanger method with primers covering the whole IGS; for details see the list of primers (online resource 1). We obtained approx. 1.1 kb long reads which were assembled by their overlapping regions.
Single molecule real-time sequencing
Two series of single molecule real-time (SMRT) sequencing were conducted. In the first series, the samples were prepared by PCR with the use of Q5 ® High-Fidelity DNA polymerase (NEB) to amplify the shorter, approx. 3.5 kb long, fragment of the IGS. In the second series, Phusion ® Hot Start II HighFidelity polymerase (Thermo Scientific) was used to produce both fragments of the IGS, 3.5 and 4.5 kb long.
In the case of PCR with Phusion polymerase, 25-30 identical 10 μl PCRs were prepared and run in parallel to obtain 5 µg of the product required for SMRT. A single PCR contained 0. 
Material and methods

Plant material and DNA isolation
All A. thaliana plants were on a Columbia 0 background (Col 0). The T-DNA insertion mutants fas1-4 and fas2-4 (named fas1 and fas2 in the following text) are designated as NASC: N828822, SAIL_662_D10 and NASC: N533228, SALK_033228 . Wild-type (WT) A. thaliana plants had no mutant history or were segregated from the progeny of fas1 heterozygotes and grown for another two or five generations (G2+/+, G5+/+). The fas1 mutants were segregated from heterozygous progeny and used in the first generation or grown for another two, five or seven generations (fas1-4 G1−/−, G2−/−, G5−/−, G7−/−). The fas2-4 mutants were segregated in the first generation (fas2-4 G1−/−). WT A. tha l iana revertant lines 1, 3, 4, and 6 were segregated from the progeny of FAS1fas1/FAS2fas2 double heterozygotes (Pavlištová et al. 2016) . T hese lines have a low (line 6), medium (line 3), or high (lines 1 and 4) rDNA content. Genomic DNA was isolated from leaves of 5 weeks-old plants using the protocol according to (Dellaporta et al. 1983) or using a NucleoSpin Plant II Midiprep Kit (Macherey-Nagel).
Leaves used for a single sample came from 1 to 3 different individuals of the same genotype and generation ("siblings"). The DNA quality was checked by electrophoresis and the genotype was tested by PCR as described by (Mozgova et al. 2010) .
To compare IGS sequences with information available in public databases we extracted two versions of the IGS reference. The first with 294, 294 and 500 bp long SalI boxes, here termed var1.294.294.500, was published in (Chandrasekhara et al. 2016 ) and the second was created as follows. The longest clone was BLAST searched against the official TAIR10 A. thal iana genome, and the TAIR10 genome fragments were merged into a unique IGS reference with 314 and 1077 bp long SalI boxes (online resource 2).
To summarize the IGS sequences obtained, we constructed a single IGS consensus as follows. We created 19 consensus sequences, one from each of the IGS types detected in the WT. These consensus sequences were aligned and a final WT consensus was extracted from the alignment. The consensus contains 316 and 1278 bp long SalI boxes (online resource 3). All multiple sequence alignments were created by ClustalW.
Restriction fragment analysis, probe labelling, and hybridization
The hybridization probes IGS1 and IGS2 were prepared by PCR using plasmid DNA containing a single IGS clone as a template. The PCR with IGS1F/IGS1R or IGS2F/IGS2R primers (online resource 1) contained 1.25 U of Taq polymerase (NEB) and was performed according to the manufacturer's instructions. The PCR product was extracted from a 1 % agarose gel by a QIAX ® II Gel Extraction Kit (Qiagen) and labeled with radioactive α-[
32 P]dCTP according to the Rediprime II DNA Labeling System protocol (GE Healthcare Life Sciences).
To digest genomic DNA, 900 ng of fas2 G2−/− or G3−/− and 500 ng of fas2 G2+/+ was mixed with 30 U of EcoRI and 15 U of HindIII (NEB); the larger amount of mutant DNA was used to compensate for the loss of rRNA genes in fas mutants. The mix was incubated at 37 °C for 16 h, then 15 U EcoRI and 7.5 U of HindIII was added, the mixture was incubated for another 2 h, lyophilized, and subjected to electrophoresis on a 1.3 % agarose gel overnight at 40 V. The digested DNA from the gel was transferred by Southern blot to a Hybond ™ -XL membrane (GE Healthcare) and hybridized with the IGS1 or IGS2 probe in 0.25 M Na-phosphate pH 7.5, 7 % SDS, 0.016 M EDTA at 65 °C overnight. The membrane was washed three times in 2 × SSC, 0.5 % SDS at 65 °C. The hybridization process was repeated with chloroplast probes to check that the DNA was digested completely (Fajkus and Reich 1991) .
Pulsed field gel electrophoresis
Cells were embedded in agarose blocks as described in (Fojtova et al. 2002) . The DNA concentration and integrity were checked by a preliminary pulsed field gel electrophoresis 2 µl of 5 × GC Reaction Buffer (Thermo Scientific), 20 ng of genomic DNA, 0.25 µmol l −1 of primers Fx and Rx (see the list of primers for details), 2.5 % DMSO, 1.25 mmol l −1 of MgCl 2 and MilliQ water up to 10 µl. The products were mixed and purified using a QIA ® PCR purification Kit (Qiagen). The process was repeated with ten different genomic DNAs and different pairs of primers FxRx where x is 0-9. The primers were designed in the conserved region of the 18S and 25S rRNA genes and were distinguished by a unique barcode (online resource 1). The annealing temperature had to be optimized for each pair of primers and was in the ranges 69-71 °C or 49-51 °C, respectively. PCR conditions included incubation at 98 °C for 30 s, followed by 2 cycles of 98 °C for 10 s, 49-51 °C for 30 s, 72 °C for 2 min 30 s, followed by 25 cycles of 98 °C for 10 s, 69-71 °C for 30 s, 72 °C for 2 min 30 s, with final incubation at 72 °C for 5 min. The quality and concentration of PCR products was measured using electrophoresis and a Nanodrop (Thermo Scientific). The PCR products were then mixed equimolarly and sequenced by GATC Biotech (Germany).
In the case of Q5 polymerase, 7-15 identical 25 μl PCRs were prepared and run in parallel. A single PCR contained 0.5 U of polymerase, 0.2 mmol l −1 of dNTP mix, 2 µl of Reaction Buffer 5 × (NEB), 2 µl of 5 × Enhancer Buffer (NEB), 25 ng of genomic DNA, 0.25 µmol l −1 of primers Fx and Rx, and MilliQ water up to 25 µl. The PCR conditions were incubation at 98 °C for 30 s, followed by 2 cycles of 98 °C for 10 s, 49 °C for 30 s, 72 °C for 3 min 20 s, followed by 25 cycles of 98 °C for 10 s, 69 °C for 30 s, 72 °C for 3 min 20 s, with final incubation at 72 °C for 5 min. The rest of the process was identical to that using Phusion polymerase.
Sequence analysis
The Pacific Biosciences sequencing method produces long reads which cover the sequenced region multiple times. The raw data were processed with the RS_ReadsOfInsert protocol in a SMRT analysis pipeline that produced consensus reads. We filtered the acquired data based on these criteria: high quality reads longer than 3 kbp containing the beginning (CCCTCCCCTAA) and end (ATCGATGAATG) of the IGS and at least one transcription initiation site (TIS) (TATATAGGG). The reads were identified by barcodes.
To search the sequences for SalI boxes and gene and spacer promoters (GP and SP), we needed a clear definition of these elements. We defined the SalI box as a close occurrence of two and more SalI restriction sites (GTCGAC). The borders of a SalI box are determined by the position of the first and last SalI restriction sites. The promoters were defined as the region from −55 to +6 nucleotides around a TIS sequence (TATATAGGG), where the underlined A is the first transcribed nucleotide +1. To search for these elements as well as for restriction sites, we used Python scripting.
followed by Sanger sequencing. The sequences were submitted to GenBank under the accession numbers KU994650-KU994739 for the clones, KU992939-KU994649 for the PacBio reads, and SRP071272 for the raw reads. The number of reads and detected IGS variants obtained in long reads from PacBio SMRT sequencing are given in Table 1 and summarized in Fig. 1 . Corresponding results obtained by Sanger sequencing of cloned PCR products are shown in Table 2 .
To simplify addressing variants in the text, we named them systematically. A complete IGS variant name consists of an 3′ETS type and a SalI box type separated by a dot. There are five types of 3′ETS variants, var1-var5, including the var5 newly described here (see the next Section). If a particular IGS contains two or three SalI boxes in a row, they are also represented by their type (length in bp) separated by a dot. For example, we use as a reference the IGS (PFGE) using a CHEF MAPPER (Biorad). Pieces of agarose blocks were washed three times in 0.1 × TE (0.1 mM EDTA, 1 mM Tris-HCl, pH 8.0) and digested overnight with 80 U of HindIII (NEB). DNA was separated by PFGE (pulse times: 0.22-17.33 s linear) at 14 °C in a 1 % (w/v) agarose gel in 0.5 × TBE (4.5 mM Tris-HCl, 4.5 mM boric acid, 1.25 mM EDTA). The gel was Southern-blotted onto Hybond ™ -XL membrane (GE Healthcare) and hybridized with an IGS1 or IGS2 probe as described above.
Results
Sequencing data and nomenclature of IGS variants
To explore the IGS variants in detail, we used PacBio Single Molecule Real-Time sequencing, as well as cloning The sequences are classified according to the IGS variant and the source of genomic DNA (WT, revertant lines with low, medium or high rDNA content and fas mutants in generations 1, 5 and 7). The sequences are deposited in GenBank under the accession numbers KU992939-KU994649. The names of individual IGS variants consist of the 3′ETS variant and the SalI box variant (based on the length in bp) separated by a dot gene type which we named var5 which is closely related to var3 but differs mainly in a 100 bp deletion at the distal site of the 3′ETS and can therefore be regarded as a var3 subtype. The first SalI restriction site is situated at position 778 bp (var1), 726 bp (var2), 655 bp (var3), 736 bp (var4) or 549 bp sequence assembled from sequences in public databases and published in (Chandrasekhara et al. 2016) , which is 4725 bp long and contains two 294 bp-long SalI boxes, one 500 bp long SalI box, two spacer promoters, and one gene promoter (Fig. 2a) . As this consists of a var1 3′ETS followed by three SalI boxes which are 294, 294 and 500 bp long, it is designated as var1.294.294.500 using our nomenclature. Two different variants in the 5′ETS region characterised de novo in this paper were named varA and varB.
IGS variants in wild-type plants
Our results show that the IGS sequences within individual sister WT plants are far from being homogeneous. PCR amplification of the IGS, using primers for the conserved region of 18S and 25S genes, revealed two major products 3.5 and 4.5 kb long (online resource 4). Analysing our dataset of WT IGS sequences which consists of 407 IGS PacBio sequences and 16 clones (Tables 1, 2) we found variability in all three parts of the IGS, the 3′ETS, the NTS, and the 5′ETS.
The beginning of the IGS, which is delimited by the end of the 25S rRNA gene at the proximal site and by the first SalI restriction site at the distal site, contains the 3′ETS sequence according to which the rRNA genes can be classified into four types, var1-4 (Abou- Ellail et al. 2011) . Given the small copy number of var4 in the genome, we did not detect it in WT reads, it was however found in fas1 clones. In addition, our data shows one yet undescribed although abundant rRNA variability is associated with 3′ETS var5, where only one IGS subtype was found. The last region of the IGS, the 1841 bp long 5′ETS situated upstream of the 18S rRNA gene, was described in detail (Gruendler et al. 1991) . It contains two tandem 310 bp long repeats termed C1 and C2, which differ from each other in 4 SNPs at position 28, 130, 182 and 274 bp (Gruendler et al. 1991) . Although the length heterogeneity in the 5′ETS is rare, we detected in 4 % of sequences a 310 bp long deletion corresponding to a C repeat (Fig. 4b) . We designated the major variant, containing both C repeats, as varA and the deletion variant, containing only one C repeat, as varB (Fig. 2a, online resource 5) . Based on the SNPs, we conclude that the C repeat in varB results from various combinations of original C1 and C2 repeat rather than selective deletion of either C1 or C2 (online resource 5). The varB sequences come from different IGS variants: var3. 458, var3.582, var1.582, var1.366 and var5.366 . Therefore, the varB does not seem to be linked to a specific 3′ETS or SalI box variant.
Consensus and reference WT IGS
To compare IGS sequences with information available in public databases we extracted an additional version of the IGS reference by BLAST searching of the longest clone against the official TAIR10 A. thaliana genome. The TAIR10 genome fragments have been merged into a unique IGS reference with 314 and 1077 bp long SalI boxes (online resource 2). To summarize the IGS sequences, we have constructed a single IGS consensus, which contains 316 and 1278 bp long SalI boxes (online resource 3).
IGS variants in fas1 and fas2 mutants
We describe here that in the WT the four most common IGS types-var1. 582, var2.294.1045, var3.458, and var5.366-are present. In fas1 and fas2 mutants rDNA genes are systematically lost (Mozgova et al. 2010) and this is reflected in our data by the decreased variability in different types of IGS sequences obtained (Tables 1, 2) . We found 19 IGS variants in the WT, while in both fas mutants there are only 6-10 variants for a given generation (Table 4) . Some of these variants are apparently exclusive for mutants (resulting from non-allelic homologous recombination (Kirik et al. 2006) ) and they do not occur in the WT: var3.294, var1.1045 WT: var3.294, var1. , var3.1045 WT: var3.294, var1. , var1.294.633, var3.294.1045 (Table 4 , online resource 6). On the other hand, there are some WT variants which do not occur in fas1 mutants: var1. 1505, var2.294.1005, var2.294, var2.294.1045, var1.294.1254, var2.458, var2 .1045 (online resource 6). Distinct occurrence of variants may result from the presumed mechanism of rDNA loss via single-strand annealing recombination events (Muchova et al. 2015) .
(var5) from the end of the 25S rRNA gene. The alignment of WT 3′ETS variants is presented in Fig. 2b, c .
In the NTS, we detected significant length variability in the SalI boxes which is caused by differences in the number of 20 bp repeats, creating short (<1 kb) and long (>1 kb) SalI clusters. Altogether, we found ten different types of SalI boxes in the WT, and two types specific to fas1. We named them according to their length in bp (294, 314, 366, 458, 582, 705, 1005, 1045, 1254, or 1505) . The alignment of all 12 SalI box types is presented in Fig. 2d . While some IGS have only one SalI box, others have a combination of two different types. Such variability is clearly seen in the PCR amplification of the IGS that shows two major products of length ~3.5 and ~4.5 kb (online resource 4). The short PCR product contains only one SalI box of these types: 294 (2.9 %), 366 (14.1 %), 458 (48.7 %), 582 (23.2 %) or 705 (0.7 %). The long PCR product usually contains a combination of two SalI boxes separated by a spacer promoter. T here are four different combinations of SalI box types (named according to the length of the individual SalI box in bp separated by a dot) occurring with different frequencies: 294.1005 (1 %), 294.1045 (7.4 %), 294.1254 (0.2 %) and 314.1005 (1 %). Rarely, we could see an IGS with only one long SalI box of the type 1045 (0.5 %) or 1505 (0.2 %). Thus within the shorter SalI boxes, only types 294 and 314 tend to be combined into longer IGS variants, while other SalI box types are isolated. In addition, the variant 314 is always combined into a longer IGS.
Combinations of 3′ETS variants var1-5 with adjoining SalI box types creates 19 unique IGS variants (Fig. 3) . Some of the SalI box types tend to be connected to a specific 3′ETS variant, var1-5 ( Table 3 ). The 366 SalI box occurred in 55 cases together with var5, while only in four cases with var1. T he 458 SalI box is mostly connected with var3 (46.8 %) and rarely with var2 (0.7 %) or var1 (1.2 %). The 582 SalI box is typically found with var1 (19.8 %) and rarely with var2 (1.7 %) or var3 (1.7 %). It is interesting that although 3′ETS var1 is the longest variant, its most abundant adjoining IGS is rather short. The highest number of long IGS types, 294.1045, is associated with a 3′ETS of var2. To conclude, in the WT each 3′ETS seems to contain one most common type of adjoining IGS (var1.582, var2.294.1045, var3.458, or var5.366 ) (see Table 3 for details). Although our methods provide only semi-quantitative data, these four types of IGS are clearly more frequent than the remaining variants (Fig. 1) .
It was previously shown by analysing 3′ETS rDNA expression that var1 is the most abundant and the least expressed 3′ETS variant and that it often undergoes epigenetic reprogramming (Abou-Ellail et al. 2011; Earley et al. 2006 Earley et al. , 2010 . Here we show that this 3′ETS variant is also associated with the highest number of different adjoining regions, forming eight different subtypes of IGS. The least compared them to the signals visible in RFLP analysis (Fig. 4) .
Firstly, genomic DNA was digested with EcoRI and HindIII and hybridized with an IGS1 probe specific to the 3′ETS (Fig. 4a) . The most abundant IGS variants could all be mapped to a strong signal. Some of the less abundant
Restriction fragment length polymorphism
We further focused on analysis of the IGS at the genomic DNA level, using selected restriction enzymes for RFLP analyses. Using in silico prediction of restriction sites, we created restriction maps of individual IGS variants and recovery of rDNA genes at the levels of their copy numbers, distribution of rDNA loci, or expression of 3′ETS variants (Pavlištová et al. 2016) . Therefore, we selected four revertant lines as representatives of revertants with a low (line 6), medium (line 3) or high (lines 1 and 4) amount of rDNA (Table 1) . Unlike the WT, these lines also express 3′ETS var1; lines 1 and 4 in addition to var3, and lines 4 and 6 with relatively balanced expression of var1-3. The lines 1 and 4 have no detectable var2 in their genome (based on PCR studies). Further, line 4 has acquired a complete change of its NOR set-up; the vast majority of its rDNA is present on chromosome 2, thus forming an active NOR2 associated with the nucleolus (Pavlištová et al. 2016) .
Our sequencing data show that the variability of the IGS in revertant lines is decreased, showing 10-12 variants for a single line compared to the 19 variants in the WT. This is a similar situation to the fas1 and fas2 mutants, indicating that rearrangements of the IGS are probably relatively rare during recovery. In mutants, only a subset of IGS types remains present, and thus without major reorganisation the spectrum of IGS types cannot expand to the original WT level. This supports the view that restoration of CAF-1 function occurs preferentially via precise (allelic) homologous recombination variants mapped to a smeared signal and their existence could not be sufficiently supported by RFLP. There were also three relatively strong signals which could not be assigned to any of our variants, suggesting the existence of other variants including the reference var1.294.294.500 (Chandrasekhara et al. 2016) .
Secondly, genomic DNA was digested with EcoRI and hybridized with an IGS2 probe specific to the 5′ETS (Fig. 4b) . The 5′ETS variants varA/B could be mapped to the signals, the varB signal being considerably weaker than the varA signal, which corresponds to our sequencing data. The RFLP analysis also revealed an inhibition of cleavage at the first EcoRI restriction site, situated in the 18S rRNA gene, due to an overlapping CpG methylation in a significant subset of 18S rRNA genes, which led to incomplete DNA digestion and a subsequent 1506 bp long electrophoretic mobility shift of varA/varB signals.
IGS variants in revertant lines
FAS1FAS1/FAS2FAS2 plants segregated from a cross between fas1 and fas2 plants (the progeny of FAS1fas1/FAS2fas2 double heterozygotes) show very uneven and asymmetric or to the WT. We used a full HindIII digest in combination with PFGE to analyse the organisation of rDNA clusters in the WT, fas1, and revertant lines. This method was described previously and generates an approximately 10 kb ladder representing mono-and oligomers of rDNA units (Copenhaver et al. 1995) . The most recent studies show that rDNA genes with HindIII sites are present at chromosome 4 in the IGS type containing mostly var3 3′ETS and rarely also in var1 or var4 IGS types, while rDNA clusters on chromosome 2 are HindIII site-free (Chandrasekhara et al. 2016) . Looking for HindIII restriction in our set of clones and PacBio reads, we can confirm that var2 and most of the var1 sequences do not contain HindIII restriction sites while most of the var3 and var5 do (for details see online resource 7).
We detected by PFGE that in late generations (G4 or G6) of fas1 mutants the higher molecular weight rDNA clusters (presumably lacking the HindIII site) are completely lost (follow the asterisks in Fig. 5 ). Previous data showed that active rDNA copies on chromosome four were lost first, followed by inactive copies (Copenhaver et al. 1995; Chandrasekhara et al. 2016; Muchova et al. 2015; Pontvianne et al. 2013 ). Here we observed the decrease in high molecular weight DNA fragments in fas1 (Fig. 5, asterisks) , while HindIII site-containing rDNA copies (likely on chromosome four) are still maintained in the fas1 genome even in later generations of mutants (Fig. 5) . This result rather suggests that loss of rDNA copies occurs at both chromosomal loci simultaneously. It is interesting that although copies lacking a HindIII site are mostly lost in fas1, in revertant lines (which come from G4 of mutants) rDNA clusters become even more heterogeneous than in the WT in terms of occurrence of the HindIII sites (follow the arrows in Fig. 5 ). The variation in outcomes of the rDNA accumulation suggests a stochastic character for initiation of the recovery process, which is followed by subsequent amplification. The greatest similarity to the WT was observed in line 4, which contains high molecular weight DNA fragments (thus HindIII sitelacking rDNA copies) originating from the WT. However, in this line rDNA accumulates on chromosome 2, while being repressed on chromosome 4. The variability in organisation of the recovered rDNA possibly also reflects the variable 3′ETS expression pattern observed in reverted lines, which does not follow the setting in the WT where NOR4 contains all active variants and NOR2 is inactive (Pavlištová et al. 2016 ) (Chandrasekhara et al. 2016) .
Discussion
Ribosomal RNA gene arrays in various organisms have been the subject of numerous studies concerning their dynamic evolution and regulation of expression. A phenomenon known as concerted evolution has been demonstrated to that prevents further loss of rDNA. Var1.582 is preferentially recovered in lines 1 and 4, and var3.458 in lines 3 and 6 ( Fig. 1; Table 1 ). Both of these variants belong to the most abundant type in the WT and are still present in fas1 G7 plants.
Regarding the origin of IGS variants, most of the revertant variants were found in the WT as well as in fas1 mutants (online resource 6). However, there are some exceptions; variant var1.294.633 seems to come from a mutant progenitor since it was found only in revertant lines and fas1 mutants, with no occurrence in the WT. On the other hand, variants var2.294.1045 and var1.294.1254 were found only in revertant lines and the WT, and thus were probably formed de novo in revertants. T herefore, a small percentage of new variants might have originated from rDNA rearrangements. In revertant lines with medium or high rDNA content, we further detected three rare IGS variants which were not found in either the WT or fas mutants (var2.705, var1.314.1045 and var3.294.1234) .
To conclude, revertant lines share specific variants with both WT as well as fas1 mutants, with only sporadic formation of new variants. It seems that the loss of IGS variability in parental mutants propagates to revertants. Apparently, decreased IGS variability leads to preferential recovery of variants which remain in the genome at the moment of FAS restoration, after the extensive rDNA loss in previous mutant generations.
Organisation of rDNA clusters
We next examined whether the newly formed rDNA clusters in revertant lines appeared more similar to the fas1 mutant The SalI box types of the IGS tend to be joined with specific 3′ETS variants, var1-5. The 366 SalI box is typical for var5, the 458 is typical for var3, and the 582 is typical for var1 Fig. 4 In silico analysis of IGS restriction fragments. a Genomic DNA from fas1 plants in G2 was digested with EcoRI and HindIII and hybridized with the IGS1 probe which covers the 3′ETS (see panel c). The IGS variants were matched to the image according to in silico restriction digestion. The observed RFPL is mostly due to a different number and length of SalI boxes, in combination with the presence or absence of internal EcoRI and HindIII sites. Three relatively strong signals (question marks) could not be assigned to any of the identified IGS variants, suggesting that there may be still-unknown IGS variants or that some combinations of overlapping cytosine methylation prevent EcoRI from complete DNA digestion at a subset of EcoRI sites, resulting in longer fragments. M represents a molecular weight marker (M1-1 kb DNA ladder; M2-2-log ladder). b Genomic DNA from fas1 plants in G3 was digested with EcoRI and hybridized with the IGS2 probe, which shows the polymorphism in the 5′ETS. c The positions of IGS1 and IGS2 probes homogenization. The major driving force in the evolution of the rRNA genes is considered to be unequal crossover, with sister chromatid exchange occurring more often than exchange between homologs (Eickbush and Eickbush 2007) . This can be demonstrated also in A. thaliana, where the rRNA genes within a single NOR are more similar to one another than they are to the rRNA genes on another chromosome (Copenhaver and Pikaard 1996b) . Our data based on analysis of rDNA clusters by HindIII supports the theory of rDNA loci homogenisation and preferential recombination between homologues. In revertant WT lines, where the amount of rDNA was reduced due to fas1 or 2 mutations, usually one type of rDNA variant is preferentially recovered after reintroduction of functional FAS alleles. Overall, sequence variation in rDNA is largely limited to the IGS that contains genetic elements controlling RNA polymerase transcription, the gene promoter, enhancers, spacer promoters and terminators. Since rRNA gene activity, both at the level of individual genes and of the whole rDNA loci, is at the same time subject to epigenetic regulations (Pontvianne et al. 2013; Preuss and Pikaard 2007) , it is important to know the actual sequence structure of the IGS and its natural variation so that contributions of genetic and epigenetic phenomena can be assessed realistically. Although A. thaliana has been used frequently as a model organism in rDNA studies, it is surprising that no contiguous sequences of rDNA units have been available so far, and this knowledge gap was bridged using artificially assembled rDNA fragments.
Interestingly, our data on IGS differ substantially from the reference var1.294.294.500 which was assembled from fragments available in public databases and used in a recent study (Chandrasekhara et al. 2016) . The reference contains three SalI boxes in a row separated by two spacer promoters. In contrast, we found only one IGS clone (var2.294.89.273) which follows the same arrangement and even this one differs from the reference in the length of the SalI box.
Importantly, our results associate previously known variants in the 3′ETS with their actual IGS sequence context, and reveal a novel 3′ETS variant, var5. The distribution of 3′ETS variants on individual NORs was described in detail (Chandrasekhara et al. 2016) showing that var2 IGS types are located the transcriptionally active NOR4, while var1 is on the inactive NOR2. Var3 is distributed on both NORs, but NOR4 contains a var3 with a HindIII site. Mutants in the FAS1 (or FAS2) gene lose around 20 % of their rDNA repeats per generation, thus representing a unique model to study IGS dynamics. Previous studies showed that transcriptionally active copies at NOR4 are depleted first, then inactive var1-containing copies are activated and subsequently also depleted (Muchova et al. 2015; Pontvianne et al. 2013) . Consistent with these studies, when we analysed three different generations of fas1 mutants (G1,G5,G7) the be responsible for high sequence similarity of rRNA genes within a species. These studies suggested homologous recombination events as the mechanism of rapid sequence 8 var1.294, var3.294*, var5.366, var1.458, var3.458, var1.582, var2.582, var1.1045* fas1 G1 8 var1.294, var1.366, var5.366, var1.458, var3.458, var1.582, var1.705, var1.294.633* fas1 G2 9 var5.366, var1.458, var3.458, var1.582, var3.582, var1.705, var1.294.633*, var1.294.1045, var3.294.1045* fas1 G5 10 var1.294, var5.366, var3.458, var1.582, var3.582, var1.294.633*, var1.294.1045, var3.294.1045, var3.294.1005, var3.314.1005 fas1 G7 6 var5.366, var3.458, var1.582, var3.1045*, var3.314.1005, var4 .797* Fig. 1) . Further, the abundance of the frequently occurring inactive var1.582 (around 20 % in the WT) is very low in G7 of fas1 mutants (Table 1 ; Fig. 1 ). Based on SMRT results, the dramatic decrease of this variant occurs between generations 5 and 7 of fas1 (Table 1 ; Fig. 1 ) leaving the remaining copies of var3.458 and var5.366. Aside from the rDNA loss, it is possible that some re-organisation occurs inside the IGS in fas1 plants due to the increased levels of non-allelic homologous recombination (Kirik et al. 2006) . Two additional SalI box types, 633 and 797, are found in mutants. Their alignment to the WT SalI box types shows that 633 is related to 1045 and might have resulted from a deletion in 1045, while since the SalI box 797 is similar to 314 at the proximal site and 705 at the distal site we conclude that 797 might have resulted from their fusion. In the light of the concept of concerted evolution of rDNA, fas mutants and plants with a fas mutation history and recovered CAF-1 function display acceleration of concerted evolution as demonstrated by a loss, gain and spreading of specific IGS variants within a limited number of generations. This corresponds to generally increased levels of homology-dependent recombination events (Endo et al. 2006; Kirik et al. 2006; Takeda et al. 2004) and direct involvement of these events in loss of rDNA in fas1 and fas2 mutants (Muchova et al. 2015) .
In conclusion, we describe here the variant arrangements of the IGS in the 45S rDNA in A. thaliana WT plants, fas1 and fas2 mutants, and plants with restored CAF-1 function. This detailed characterisation allowed the description of a new variant in the 3′ETS region of pre-rRNA, termed var5, and of the preferential association of 3′ETS variants with specific IGS arrangements. Dysfunctional FAS1 (or FAS2) leads to selective loss of some variants and the generation of new IGS variants. Overall, both fas mutants show less variability than WT plants. These results correspond to the presumed mechanism of the loss of rDNA copies via the single strand annealing type of homology-dependent repair (Muchova et al. 2015) which, besides causing an absolute reduction of the number of rDNA copies, at the same time simplifies the original WT spectrum of rDNA variants. Plants with restored FAS1 and FAS2 function show an IGS spectrum similar to that of their parental mutants, suggesting that rDNA recovery occurs through a relatively precise DNA synthesis-dependent homologous recombination mechanism.
